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Abstract 

We suggest the fermion doubling for all quarks and leptons. It is a general- 
ization of the neutrino doubling of the seesaw mechanism. The new quarks 
and leptons are SU{2) singlets and carry the electromagnetic charges of their 
lighter counterparts. An SU (3) anomaly free global symmetry or a discrete 
symmetry can be introduced to restrict the Yukawa couplings. The form of 
mass matrix is belonging to that of Nelson and Barr even though our model 
does not belong to Barr's criterion. The weak CP violation of the Kobayashi- 
Maskawa form is obtained through the spontaneous breaking of CP symmetry 
at high energy scale. The strong CP solution is through a specific form of 
the mass matrix. At low energy, the particle content is the same as in the 
standard model. For a model with a global symmetry, in addition there exists 

a massless major on. 
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I. INTRODUCTION 



The standard model is remarkably successful in describing the electroweak phenom- 
ena. However, it has twenty or so unexplained parameters. Two of these parameters, 
9 — Oqcd + Oqfd and the weak CP phase, are related to the CP symmetry. The strong 
CP problem has several candidate solutions: axions |l]-[J and natural solutions 0-0]. The 
weak CP phase will be understood if the electroweak symmetry breaking is unveiled. At 
present, there are several candidates for the realization of weak CP violation, the Kobayashi- 
Maskawa model, superweak CP violation, Higgs mediated CP violation, etc. These can be 
classified into explicit CP violation (including hard CP violation if complex Yukawa cou- 
plings are introduced and soft CP violation if complex scalar masses @ are introduced) and 
spontaneous CP violation. 

The most plausible model among natural solutions is one which was proposed by Nelson 
H and generalized by Barr |6j . This kind of models assumes a CP invariant Lagrangian, and 
the weak CP violation is introduced by spontaneous breaking of CP symmetry. A key point 
of the Nelson-Barr type models is an introduction of a heavy scale (heavy scalar and heavy 
fermion). Nelson assumes a specific form of mass matrix so that its determinant remains real 
after the spontaneous CP violation. If we have N heavy quarks Qi and 3 light generations, 
the Nelson-Barr form of the fermion mass matrix at tree level is 



( hv ^ 
i a M j 



(1) 



where to is a 3 x 3, M is a iV x JV real matrix and a is a iV x 3 complex matrix, in the 
broken phase. Determinant of this mass matrix is real, even though the matrix, i. e. the a 
entry, is complex. However, after the spontaneous CP breaking, there is no symmetry that 
keeps the determinant of the mass matrix real. So a small 8 can be generated from radiative 
corrections. Since \6\ is less than 10~ 9 , smallness of the gauge and/or Yukawa couplings is 
required. Thus it seems that the Nelson-Barr model reintroduces the hierarchy problem, 
i. e. the smallness of parameters. To alleviate the restriction on coupling constants, the 



supersymmetrization of the Nelson-Barr model was suggested ||. However, the supersym- 
metrization does not improve this difficulty, due to an entry of the gluino mass H . Therefore, 
at present the smallnesses of some couplings are required in both nonsupersymmetric and 
super symmetric Nelson-Barr type models. 

Here, we do not attempt to solve this fundamental problem, but unify the strong CP 
solution a la Nelson and Barr and the seesaw mechanism. The seesaw model is the most 
popular and plausible mechanism of the small neutrino mass generation. The seesaw mech- 
anism also employs two scales, the heavy neutrino scale and the weak scale | pL Q|| - To give a 
non-zero mass to each neutrino, a heavy right-handed singlet neutrino must be introduced 
for each SU(2)l lepton doublet. These heavy neutrinos have no logical relation with the 
heavy quarks in the Nelson-Barr type model, because the number of the heavy fermions 
does not depends on the number of light fermions and the couplings between the SU(2) l 
doublets and heavy right-handed singlet fermions are forbidden in the Nelson-Barr type 
model. 

In this paper, we suggest fermion doubling, which can relate the heavy scale in the 
Nelson-Barr model to the heavy neutrino scale in the seesaw model. There is no funda- 
mental theory which explains doubling of fermions. However, the fermion doubling gives 
us a consistent view of the unified solution of these two different problems. If we invent a 
mechanism which has two scales, a heavy fermion partner at a heavy scale for each fermion 
at the weak scale, it would explain the reasons 'why the 6 is so small' and 'why the neutrino 
mass is so small'. The fundamental theory may contain one solution to various mysteries 
of low energy phenomena. Namely, it is worth to make a phenomenologically viable model 
that unifies phenomenologically unrelated problems. [] 

For the desired mass matrix to appear, there must exist a symmetry. In Sec. II, we 



1 A similar idea was realized within the scheme of the left-right symmetric model of Babu and 
Mohapatra [11 1. 
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achieve this with a global symmetry. In our previous paper [T2| , we suggested a similar model 
with an extra heavy quark Q in addition to the fermion doubling with a global symmetry 
so that a heavy quark axion is introduced for a solution of the strong CP problem. This 
model was suggested to unify the heavy quark axion scale and the neutrino seesaw scale. 
In that case, U(1)pq symmetry which is broken at majoron scale is necessarily anomalous. 
That was the reason why we introduced the additional heavy quark Q. Without the heavy 
quark Q, the U(l) symmetry would not be the Peccei-Quinn symmetry, and the resulting 
Goldstone boson would be a practically massless majoron. At low energy we have no particle 
other than those in the contents of minimal standard model except the majoron, and the 
low energy phenomenology is the same as the standard model. 

In Sec. Ill, we introduce a Z 2 symmetry instead of the global symmetry. Sec. IV is 
a conclusion. There are two appendixes. In Appendix A, we reviewed the generation of 
Kobayashi-Maskawa CP phase from the mass matrix at the low energy. In appendix B, we 
present one loop calculation of 6. 



II. A MODEL WITH A GLOBAL SYMMETRY 

By the fermion doubling, we introduce a new SU(2) singlet fermion for each fermion of 
the standard model. We also introduce two SU(2) singlet complex scalars, a, and S, to 
realize a desirable intermediate scale physics. Then fermion contents of the model become, 

The quark sector : q l L , u R , d R} U l L , U R} D l L: D R , 

The lepton sector : P L , e R , N R , E{, E r , (2) 

where qi and II are SU{2) doublets and i(— 1,2,3) is the family index. The particles 
added are denoted as capital letters. Their electromagnetic charges are the same as those of 
the corresponding light particles (lower case symbols). We assign U(l) g i b a i charges to the 
fermions as, 

1 for U R , D r , Er, N r , q L , l L , 
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-1 for U L , D L , E L , u R , d R , e R , 
for H, 

-2 for a, S. (3) 

Note that the Higgs doublet H carries a vanishing global charge. The global symmetry does 
not have an £77(3) anomaly and hence cannot be the Peccei-Quinn symmetry. 2 

The renormalizable Lagrangian obeying the SU(3) x SU(2) x U(l)y x U(l) g i b a i x CP 
symmetry can be written as 

£ = (b v a + Cu S)U L U R + (b D a + c D S)D L D R + (b E a + c E S)E L E R + ^{b N a + c N S)N c R N R 
+h T u U R H T q L + h T D D R H T q L + h T N N R H T l L + h T E E R H T l L 
+auU L u R + a D D L d R + a E E L e R + h.c. 

— V (er, 5, if) + Ckinetic + ^gaugei (4) 

where if is a Higgs doublet scalar with K = —1/2, if = ia 2 H* . In Eq. (Q), we suppressed 
flavor indices. For example, hJjU R H T qL means (hu)jiUi R H T qj L = U R H T hJjqL. All the 
coupling matrices are real due to the CP symmetry and Oqcd = 0. The potential is 

V(a, S, H) = ji 2 H H^ H + /4<tV + fi 2 s 3*S + nl s (a*S + S*a) + X H (H^H) 2 + X a (a*a) 2 

2 But, there exists the U (l) g i b a i — SU(2)—SU (2) anomaly. If the unknown quantum gravity effects 
spoil the needed global symmetry badly, one has to remove this anomaly. But at present, it is not 
serious because we are not sure how the quantum gravity dictates the low energy phenomenology. 
However, it is easy to remove the J7(l) g iobai — SU(2) — SU{2) anomaly by simply introducing six 
SU{2) triplets La = (L\,L a ,L^)l, (A = 1, •••,6) and assigning —1 for the C/(l) g iobai charges. 
The couplings of the form (6l a ct* + cl a S*)L\C~ 1 La give the intermediate scale masses to -La's 
where C = exp(z7rT2). In addition, if one tries to make TV Y g i b a i = 0, where Ygiobai is the generator 
of U(l) 

global: he can introduce additional gauge singlets with non-vanishing U(V) g i b a i charge. The 
hypothetical L particles are not stable due to the coupling of the form (H T l) sym L. 
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+\s(S*S) 2 + X aS {(S*a) 2 + (a*Sf) + \ aS \<J*S\ 2 + X aS s{S*S){a*S + S*a) 
+X aaS (a*a)(a*S + S*a) + \ aH H^Ha*a + \ 2 H^HS*S 

+\ a2 H^H(a*S + S*a). (5) 

where the range of parameters are chosen so that the following vacuum expectation values 
develop at the symmetry breaking minimum, 



_ Vl +Pl <ai/Cl „ _ V2 + P2 ia2 /y 2 
V2 ' y/2 ' 



H 



1 

72 



/ \ 



(6) 



\v + P J 

Here lii,^ are the seesaw scale (intermediate scale) and v is the weak scale. Note that ap 
can be of order v where v = 



Vl\ 2 + \V2\ 2 - 

The weak CP violation occurs through spontaneous symmetry breaking. Because of the 
p 2 s , \ a ss and \ a ss terms, < a > and < S > can be complex, and weak CP violation is 
generated. The essential points of this type of models are that diagonalization of the fermion 
mass matrix introduces the Kobayashi-Maskawa CP phase which is not suppressed by v/v 
and vanishing Arg Det M q . (See Appendix.) 

The tree level mass matrix of fermions except for neutrinos written in the 
(/\ f 2 , / 3 , F\ F 2 , F 3 ) L ®(/\ f 2 , f, F\ F 2 , F*) R space is 



M 



f 



(7) 



hpv 

CtF b F V\ + CfV 2 j 

where b, c, h, a are 3x3 matrices and / and F represent approximately light and heavy 
fermions, respectively. From now on, we set j3 = hv and Q = bpV\ + cfv 2 - Here, we cannot 
remove the phase between v 1 and v 2 . So Q is a general 3x3 complex matrix, and a and (3 
are general 3x3 real matrices. Then the quark mass matrix is 



a n 



(8) 



where f3 is of order electroweak scale and a and Q are at the intermediate mass scale, 
presumably at 10 10 - 10 13 GeV. We assume 0(a) < 0(Q). 
The quark mass matrix M q of Eq. (§) gives 



Arg Det M q = 0. 



(9) 



Note that complex phases appear only in the Q block. However, they do not contribute to 
Arg Det M due to entries at the upper left corner. Thus even after the introduction of 
the weak CP phase, Qqfd remains zero. 

Even though Oqfd is zero at tree level, the radiative corrections to the quark mass matrix 
can be complex in general. The complex phases occur at heavy quark sectors only through 
the spontaneous CP violation, but after the symmetry breaking, the dimension 5 operator 
arising at loop order, (1/ ' M)S(g u uH T + gddH T )qL, may give a complex correction to the 
light-light block of the fermion mass matrices (see the entry in Eq. (R|)) and thus to the 
Arg Det M q . However, the estimation is not so trivial. If there is no other boson, i. e. other 
than H, which mixes the light fermions and heavy fermions, the one loop corrections are 
generated only by the Feynman diagram in Fig. 1. This diagram always contains 



TM-'MP^r, 



(10) 



term, where 



fo (0 








^ h F ^ 




1 




or 




v o b F J 




^0 c F j 




v° J 



M 



and Pi 



(1 ~ 75 W + (1+75 W 



(l 


(0 




( f 
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\ 












°l 




: FR 





(11) 



Since this term always vanishes trivially, there is no one loop contribution to the strong 
CP phase with our particle contents. One loop correction to 9 comes from either one loop 
diagram with heavy GUT gauge bosons which mix the light and the heavy fermion families, 
as the original Nelson-Barr model, or £/(l) 9 z & a j neutral singlet scalar which couples to F L f R . 
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For the neutrinos, the mass matrix can be written in {vl, Nr) g) {i>l, Nr) basis as, 



M 



N 







\ 



(12) 

^ hjfV b N Vx + c N v 2 J 

Diagonalizing this mass matrix, one can see that a light neutrino acquires the mass m v ~ 
{Hnv) 2 jv which is very small. Thus the neutrino mass has a further suppression. This is 
because for the quark and charged lepton sectors we have the a matrix of order v while for 
the neutrino sector the corresponding block is of order v. Thus light neutrinos have mass at 
order vx(v/v). At low energy, there exists a massless Goldstone boson, majoron, in addition 
to the standard model particles because the global U(l) symmetry is broken spontaneously 
at the heavy neutrino scale. 



III. A Z 2 MODEL 

The minimal Nelson-Barr type model was studied by Bento et. al. |7j]. Here, we can 
use a discrete symmetry to get the same mass matrix as Eq. (||). The simplest example is 
the model with a Z 2 symmetry. In this case, we can construct the model with one complex 
scalar singlet. We assign Z 2 charges to the fermions as, 

for U R , D r , E r , N r , q L , l L , 

1 for U L , D L , E L , u R , d R , e R , 

for H, 

1 for S. (13) 

The renormalizable Lagrangian obeying the SU(3) x SU(2) x U(l)y x Z 2 x CP symmetry 
can be written as 

£ = (buS + Cu S*)U L U R + (b D S + c D S*)D L D R + (b E S + c E S*)E L E R + ^M„N%N R 
+h T u U R H T q L + h T D D R H T q L + h T N N R H T l L + h T E E R H T l L 
+auU L u R + a D D L d R + a E E L e R + h.c. 

— V(S, H) + Ckinetic + £gauge, (14) 
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All the coupling matrices are real due to the CP symmetry and 9qcd = 0. One can see 
that lepton number is not a good symmetry of the Lagrangian. Thus, there is no Goldstone 
boson like majoron. The potential is 

V(S, H) = ii 2 H H*H + n 2 s S*S + X H (H^H) 2 + X S {S*S) 2 + X 1 H^HS*S 

+X 2 H ] H(S 2 + S* 2 ) + X 3 (S 2 + S* 2 ) + X 4 SS*(S 2 + S* 2 ) + X 5 (S 4 + S* 4 ). (15) 

where the range of parameters are chosen so that the following vacuum expectation values 
develop at the symmetry breaking minimum, 



S = *±£e*/«, H = 4= 



1 o ^ 



v + p 



i<j>/v 



(16) 



Here v and M u are the intermediate scales and v is the weak scale. 

The weak CP violation occurs through spontaneous symmetry breaking, as in the last 
section. Here, < S > can be complex without introducing further scalar singlets and the 
weak CP violation is generated spontaneously. 

The tree level mass matrix of quarks can be written in the 
(f\ f 2 , f 3 , F\ F 2 , F 3 ) L f 2 , f, F\ F 2 , F*) R space as 



M f = 



\ 



(17) 



Ufv 
bpv + cfv* 

We set (3 = hv and Q = bpv + cpv*. Then Q is a general 3x3 complex matrix, and a and 
(3 are general 3x3 real matrices. Then the quark mass matrix is 



M q = 



( 



(3 
a n 



(18) 



where (3 is of order electroweak scale and a and Q are at the intermediate mass scale, 
10 10 - 10 13 GeV. 

In Z 2 symmetry model, non-vanishing CP phases come from neutral Higgs one loop 
corrections to the quark self energy diagrams (Fig. 2), which will give complex contributions 
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to the light-heavy block in the mass matrix. We have four such diagrams. From Fig. 2, 
adding all the one loop contributions, we have 

g(X 1 bc(S 2 + S* 2 ) + \ 2 (b 2 S* 2 + c 2 S 2 ))D R H T q L , (19) 

where g ~ 16?r 1 2 ~ 2 . (The family indices U, D of the coupling matrices b and c are omitted.) 
After symmetry breaking, Qqfd can be estimated as, 

^fd-t^A^-c 2 ), (20) 

where b and c are leading order values of the matrices b and c. This shows that the strong 
CP phase 6 depends on the coupling constants of the H — S terms and the Yukawa couplings. 
At the weak scale v, the bare mass of the Higgs doublet is 

^ = n 2 H + Ai|5| 2 + X 2 2Rev 2 . (21) 

If A's are not small we need huge cancellation in Eq. ([15]). So, it is not unnatural to think 
A 2 ~ v 2 /v 2 . In this case, \0qfd\ is less than 1CT 20 . A 2 as large as 1CT 7 would not contradict 
the requirement \0\ < 10 -9 . The requirement of small A 2 belongs to the category of the 
gauge hierarchy problem which was pointed out by Bento et. al. 0. One may consider this 
requirement is different from the requirement of a small 9. 

The neutrino mass matrix can be written in (z/^, Nr) <g> (z/^, Nr) basis as, 



I h N v ^ 



N 



(22) 

The diagonalized light neutrino mass is m v ~ (h^v) 2 /M v . 



IV. CONCLUSION 

In conclusion, a simple extension of the seesaw mechanism to the quark sector by fermion 
doubling can give a natural solution of the strong CP problem by the same argument as 
that of Nelson and Barr. We introduced a heavy fermion for every light fermion. To 
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have a desired fermion mass matrix, a symmetry, a U(l) g i b a i or a discrete symmetry was 
introduced. CP is a symmetry of the Lagrangian and the weak CP violation is introduced by 
spontaneous symmetry breaking. At low energy, the weak CP phenomenology is the same 
as the Kobayashi-Maskawa model, which is the most attractive feature of the Nelson-Barr 
type models among natural solutions. The correction to the strong CP phase comes from 
at one loop order in the fermion mass matrix. If, however, we do not consider the heavy 
gauge bosons which will mix light and heavy quarks, there is no one loop correction term 
in the model with the additional global symmetry. But if we consider discrete symmetry 
or GUT gauge bosons, the strong CP phase appears at one loop order. Our model for the 
solution of the strong CP problem belongs to the category of natural solutions. It does not 
belong to the mass matrix of the Nelson-Barr ansatz, since it admits couplings between the 
light SU(2) L doublets and heavy singlet fermions, but its spirit is the same as theirs. The 
way of suppressing strong CP phase and generating KM phase is the same as that of Nelson 
and Barr. This unique feature comes from the fact that the numbers of heavy fermions and 
light fermions are the same in our case. Therefore we can couple light and heavy family 
with Higg's doublet and forbid the light fermion-light fermion couplings, but still obtain a 
phenomenologically successful fermion mass matrix. This modification does not break the 
merits of the Nelson-Barr type model. In addition, we observe that if the number of heavy 
fermions is the same as that of light fermions in the Nelson-Barr model, one can interchange 
3x3 blocks in 6 x 6 quark mass matrix, 



(3 



p 

y f2 a j 



(23) 



In this form, it is equivalent to our model, and does not affect the tree level properties of the 
Nelson-Barr type model. However, it is not so obvious to tell whether one loop correction 
of our model is not different from that of Nelson-Barr type model. In Appendix B, we show 
that the one loop calculations of 9 in both models have the same magnitude at leading order. 

We showed two examples in the fermion doubling scheme, one with global U(l) and the 
other with Z 2 . In either case, fermion doubling provides a unified way which has a consistent 
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and simple explanation of the small strong CP phase and the small neutrino mass generation 
by the seesaw mechanism. 
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APPENDIX A: GENERATION OF KOBAYASHI MASKAWA CP PHASE 

In this appendix, we show that the unsuppressed Kobayashi-Maskawa CP phase can 
be generated from the fermion mass matrix of the fermion doubling model. Actually the 
square matrix M q M^ is exactly same as that of the Nelson-Barr model. In this sense, this 
appendix is a review of the Nelson-Barr type model. We can diagonalize this 6x6 matrix 
by biunitary transformation, 

U L M q Ul = M q . (Al) 

where M® is a diagonal matrix. Next step is to diagonalize the square of the up quark 
matrix M u Ml by a unitary matrix U% and down quark matrix M\M d by Ur. Then the 
light quark mixing matrix K is the upper left corner 3x3 sub-matrix of U^Ur ■ As shown 
below, this K is not a unitary matrix, but it becomes unitary in the limit of v/v — 0. More 
importantly, in the limit of v/v — this submatrix K is not real orthogonal but unitary. 
Let us express U'£ and in terms of 3 x 3 matrices Ci, Si, etc, 









M D = 


m q 




\ ^ 2 


C*2 J 




v m Q j 



(A2) 



where m q and ttiq are the diagonal light and heavy quark matrices, respectively. A Hermitian 
matrix H (M^M q or M q M^) can be diagonalized by a unitary transformation UHU^. To 
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show that K is complex, we will prove below that C\ is unitary in the limit of v/v = 0. 
Diagonalization of the matrix M q M^ gives the following conditions, 

CtP/FCl + dp^Si + SxttfCl + SxiSlrt + aa T )S\ = m q m\, (A3a) 
S 2 (3(3 T S j 2 + S 2 ^C\ + C 2 Q(3 T S j 2 + C 2 {QQ^ + aa T )C\ = m Q m^ Q , (A3b) 

C x pfS\ + dptfCl + 5ifi/? T 4 + 5i + «tt T )Cj = 0. ( A3c) 

Pay attention to Eq. (|A3a|) . If v/v is very small, the components of Si are at most of order 
v/v, since physical quarks masses are smaller than the electroweak scale. It can be easily 
seen that the 3x3 matrices Ci i2 become some unitary matrices and S 2 are of order v/v as 
v/v goes to zero, due to the unitarity condition of the 6x6 matrix U"£. From Eq. ( |A3c|) we 
find, 

0(S 1>2 n)~0{C 1>2 [3)~0{{3). (A4) 

It is readily noticed that all four components of Eq. ( |A3aj ) do contribute even in the limit 
of v/v — > 0. As one can see, Eq. (|A3a|) does not give any further constraints to C^. 



Thus C\ is complex and unitary in the limit oiv/v = and the quark mixing matrix 
K is unitary in this limit. Thus, at low energy, one unsuppressed Kobayashi-Maskawa CP 
phase is introduced for the case of three generations. 

APPENDIX B: 9 CALCULATION IN A Z 2 MODEL 

The one loop correction of 9 was calculated by Bento et. al. in the Z 2 Nelson-Barr type 
model 0. This calculation was based on the work by Groffin et. al. [T^ who used the original 



formula of Weinberg ||15| . We briefly describe their calculation of the one loop correction to 
9 and compare their result with ours. If we set the quark mass matrix as Eq. ( |TT| ) and set 
one loop self energy as E, the one loop correction to 9 is 
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6 QFD = Arg Det(M - E) R 
~ -Im tr(M^ 1 S)/ ? . 



(Bl) 



The subscript R means right-handed projection, Mr = M q . The general form of the self 
energy term which gives non-zero correction to 9 is [13] 



IQtt 2 ~r Jo 



/ dx - x)M 1 °T kl ° + V,.\r 



m[MMV + nl(l -x)}T k 



(B2) 



where k runs over the mass eigenstates of scalars with mass and T^'s are Yukawa 
couplings matrices. For the mass eigenbasis of scalars (Hi, H2, H%), the mass matrix 
D = diag(fii, n%, ^3) is related with Mh by R, 



M H = R T DR. 



(B3) 



This self energy term is equivalent to the Feynman diagram in Fig. 2. Following Ref. [0, 
we decompose scalars as 

S = (V + s + it)e iv /V2, 
H = (v + p + ia)/V2, 



(B4) 

where V and v are real and a is absorbed to Z° boson, and 77 is the relative phase of S and 
H . For the fermion doubling model, only the form of matrix V and the form of the quark 
mass matrix M are different from the Nelson-Barr type model. 



r a $ a 



h, 







h s s + ihd 



h, 



h s s + ihd 



\ 



Nelson-Barr 



fermion doubling, 



(B5) 



where $ = (p, s,t), h s — be lv + ce %r> and h t = be lv — ce lv , subscripts U and D in the real 
coupling matrices b and c are omitted. Note that /i's are 3x3 matrices. Our previous (3 
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and Q in Sec. Ill are given by (3 = h p v and = /i s y. Diagonalization of the quark mass 
matrix MM^ by unitary transformation, we have [7J] 

1 — ri 



8 = 77-2 E / ln[MfV + M fc 2 (l - x)] 

1671 atk,A Jo 



:lm(UlT a M- 1 T b MiU L ) A A- 



(B6) 



One can verify that only the term containing T t M q 1 T p contributes to the 9. Bento et. al. 
calculated the one loop correction 0, 

1 



e 



167T 



(B7) 



where / and /' are equivalent to b and c of our model. Fs are given in Ref. 0. They showed 
that the integral J's are proportional to v/V if the quartic couplings of H — S have the same 
order of magnitude. One can calculate the one loop correction in the fermion doubling model 
by the same method. To show it explicitly, we insert the following M~ l and Ul in Eq. 



q 



\ 



P- 1 



1 a- 1 ^ 






51 


\ 




, u L = 




) 




, 5*2 


c 2 


/ 



(B8) 



In Appendix A, we showed that C\Ci ~ 1 for i = 1, 2, from which we obtain 

-^^^-tr^A^ty^) x 0(1) 
167r fl/ 

' tr(6 2 -c 2 )^-xO(l). 



16tt 



(B9) 



From Eq. 



we have scalar mass matrix for the basis (h, s, t), 



^ v 2 2vV(X 1 + 2X 2 cos2r]) -2vVX 2 sm2ri^ 



M, 



H 



V 2 



V 



V 2 
V 2 



(BIO) 



/ 



If 1] = 0, there is no CP violation in this model. From Eq. ( |B10| ), it is easy to see that this 
is equivalent to setting parameters as A2 — > and Ai — > Ai + 2X 2 . This shows that Ai is not 
relevant to 9 up to leading order. We approximate the rotation matrix R which diagonalize 
Mjj, for small mixing between H and S, 
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R 



^ 1 e e 
e cos C sin ( 



V 



(Bll) 



/ 



— sin £ cos C 

where the e and e' are very small values due to the small mixing angle. One can easily verify 
from Eq. ( [B3D that 



where ~ e. We get the same result of the Z 2 Nelson-Barr type model. 



(B12) 



(B13) 



where b, c denote the orders of the magnitudes. In Sec. Ill, we discussed that A's have to 
be small ~ v/V to avoid cancellation problem in light Higgs scalar mass term. 
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FIGURES 
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qi Qr Ql qn 



FIG. 1. The diagram which does not contribute to 0. 
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FIG. 2. A self energy diagram which will give a non-zero contribution to 9 in the Z2 model. 
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